The study aimed to investigate the differences in lower limb joint angles during running with three different sports shoes: basketball shoes, football shoes, and running shoes. Fifteen male subjects (age: 25 6 2.2 years, height: 1.79 6 0.05 m, and mass: 70.8 6 3.4 kg) were asked to run on a treadmill at their preferred running speed. The Vicon 3D motion analysis system was used to capture the kinematics of the lower extremity during running. A one-way analysis of variance was used to determine whether any statistical significance existed between the three types of shoes (a \ 0.05). Significant differences existed in the lower limb joints between the three sports shoes, particularly at the knee joint. Running shoes presented more knee flexion than basketball shoes and football shoes. In the frontal plane, basketball shoes showed less knee abduction than running shoes and football shoes. No significant difference occurred in ankle external rotation between basketball shoes and football shoes, and both of them presented greater range of motion of the ankle and knee than running shoes.
Introduction
Humans have been running since prehistoric times and footwear has been providing mechanical and thermal protection for human feet during running for thousands of years. 1 Some research illustrated running is one of the most popular exercises with wide global participation in all ages. [2] [3] [4] Due to low cost and high accessibility, more and more people are becoming actively involved in this leisure activity. Thus, running with suitable shoes becomes essential, either for the purpose of comfort, performance improvement, or injury prevention. 5, 6 In addition to running, people also participate in other sport activities, such as basketball, football, tennis, and badminton. Studies have been focusing on the differences between barefoot runners and habitual shod runners or running with different footstrike patterns. 3, 4 The plantar and upper pressure distribution across different sports shoes was previously studied, 5 but little information about the kinematics of running with different types of sports shoes was reported. Considering the aforementioned strong relationship between running kinematics and injury risk, running kinematics with different sports shoes must be evaluated reliably and accurately. This information will be essential in preventing running-related injury. 7 Previous research has illustrated that basketball and football are among the most popular sports. 8 During participation in these sports, participants may be required to run substantial distances with basketball shoes (BS) and football shoes (FS) that are not designed specifically for running. Studies have reported that during soccer and basketball games, players run between 9500 and 12,000 m 9,10 and 7500 m, 11 respectively. Therefore, research is necessary to analyze performance while running in these three different types of shoes. When athletes participate in various sports with different shoes, what are the differences between these shoes? The performance attributes of running shoes (RS) include cushioning, shoe mass, impact absorption, energy return, stability, flexibility, and traction. RS of different profiles were previously measured to serve as a basis for the design of user-centered RS. 12 From a biomechanical perspective, jumps and landings, as well as stopping and cutting, place a high demand on the basketball players' footwear, especially forefoot stability. 13, 14 Brizuela et al. 15 observed that high-top shoes influence biomechanical parameters, such as rearfoot motion and shock transmission, and reduce running speed by 1% and jumping height by 3%. Soccer boots with different profiles associated with sole hardness and cleat configuration have been reported to cause different lower limb kinematics and kinetics. 16, 17 Sports shoes not only play a key role in improving sports performance, but they are also crucial in preventing both acute and chronic injury. 15 Stacoff and colleagues 18, 19 concluded that the eversion/inversion motion of the ankle was associated with rearfoot pronation, which was an important factor in lower limb overuse injuries. Prolonged running might cause potential ankle disorders, such as chronic ankle instability. 20, 21 Knee joint injury is the most common and costly lower limb injury reported during sustained running, particularly when the knee is in full extension. [22] [23] [24] In addition, knee injury is also related to hip joint motion, and increased hip adduction and internal rotation have been found in females with patellofemoral pain syndrome and anterior cruciate ligament (ACL) injury, [25] [26] [27] [28] both of which would lead to reduced sports participation and increased risk of osteoarthritis. 23, 29, 30 Considering the strong relationship between running kinematics and injury risk, an evaluation of running kinematics might play a part in running injury assessment and possible prevention.
The purpose of this study was to evaluate whether differences existed in kinematics between three types of sports shoes worn during running. The authors hypothesized that running with RS would present less knee abduction and hip internal rotation kinematics compared with FS and BS. Compared to BS, the authors assumed that running with FS would present less ankle joint inversion.
Methods

Subjects
Fifteen healthy male runners (age: 25 6 2.2 years, height: 1.79 6 0.05 m, mass: 70.8 6 3.4 kg), who played basketball or football regularly and ran three times a week, volunteered to participate in this study. All subjects were free from lower limb injury in the previous 6 months. All subjects were habitually shod recreational runners, characterized by a rearfoot strike. They provided written informed consent before the study, which was approved by the local ethics committee. In this study, a minimum of 11 subjects was necessary to provide a statistical power of 80%. 31 
Shoes specifications
Three types of sports shoes were examined, including BS, RS, and FS, as shown in Figure 1 . Both BS, RS and FS were size 42 (US). Subjects were required to run on the ground using the following dimensions: BS (mass of 704 g/pair and heel height 4.0 cm), RS (mass of 524 g/pair and heel height 3.5 cm), and FS (mass of 510 g/pair and heel height 2.0 cm).
The material properties (Young's modulus) of the three sports shoe midsoles were measured and calculated using the elastic modulus testing device as shown in Figure 2 under normal temperature (25°C) conditions.
Experiment protocol and procedure
Subjects ran with the three types of shoes on a treadmill. Running shoe selection was randomly assigned. Warm up was included in the running procedure with subjects stretching and jogging on the spot prior to the running phase. This was standardized and lasted approximately 2 min. 8-min warm up included 2-min stretching warm up and 2 min per shoe. Due to the physiological differences between individuals, each subject was directed to select his own individual running speed to be used in all test conditions. The average pace for the 15 subjects was 3.52 6 0.21 m/s.
Following the treadmill test, participants were then required to run using the three types of shoes. Approximately 5 min of rest was observed between testing with different sports shoes. Five valid strides, including correct footstrike pattern, speed, and data capture using all markers, were included in the analysis for each subject.
The lower limb joints' kinematic data were collected using an eight-camera Vicon motion analysis system (200 Hz, Vicon MX, Vicon Motion System Ltd, Oxford, UK). Sixteen reflective markers with diameters of 14 mm were placed on the left and right lower limbs according to the plug-in gait model. 8 These placements included the anterior-elite iliac spine, posterior-elite iliac spine, lateral mid-thigh, lateral knee, lateral midshank, lateral malleolus, second metatarsal head, and calcaneus. In this study, the data from the right leg were selected for analysis. The gait cycle began when the right heel initially touched the ground and ended when the right heel made contact with the ground again, as determined from the ground reaction force. The ankle, knee, and hip range of motion (ROM) were calculated during the stance phase of a gait cycle.
Statistical analysis
Statistical analysis was performed using SPSS 17.0 software (SPSS for Windows, Chicago, IL, USA). The kinematic data for the lower limb joint were examined using one-way analysis of variance (ANOVA) for the three types of sports shoes with statistical differences established at p \ 0.05.
Results
The ROM of the lower limb joints during the stance phase for running is presented in Table 1 Table 1 shows that the hip ROM of BS was larger than RS and FS in the transverse plane (BS = 20.32°6 2.29°, RS = 12.90°6 2.21°, and FS = 12.04°6 2.25°), but there was only significant difference between BS and FS (p BS-FS = 0.025), with no significant differences between BS and RS or RS and FS (p RS-BS = 0.056 and p RS-FS = 0.846).
From Table 2 , knee adduction in BS (BS = 19.98 6 0.70) was much greater than RS (RS = 9.89 6 1.14) and FS (FS = 12.20 6 2.58) (p BS-RS = 0.001, p BS-FS = 0.001, p RS-FS = 0.014), respectively. In the transverse plane, peak hip internal rotation was greater when running in the BS (BS = 17.85 6 1.27) compared with RS Figure 2 . The elastic modulus test system (left). DL represents the deformation of the midsole materials after compressing. F represents the force to load the materials. Table 2 , RS exhibited less plantarflexion than BS and FS (BS = 13.88 6 3.64, RS = 9.53 6 2.72, and FS = 16.4 6 2.90) with statistical differences (p RS-BS = 0.05 and p RS-FS = 0.00) in the sagittal plane. Greater ankle dorsiflexion was exhibited for RS than FS (BS = 32.80 6 1.27, RS = 33.59 6 1.78, and FS = 32.21 6 1.15) with a statistical difference (p RS-FS = 0.036) in the sagittal plane. In the frontal plane, significant differences occurred in RS-FS (p RS-FS = 0.001), while RS showed greater ankle peak inversion and minimum inversion. In the transverse plane, RS presented the largest ankle minimum internal rotation (BS = 22.97 6 1.00, RS = 24.69 6 1.23, and FS = 19.6 6 0.88) with statistical differences (p RS-BS = 0.189 and p RS-FS = 0.001). However, no significant difference existed between BS and FS in the ankle internal rotation in the transverse plane (p BS-RS = 0.012, p BS-FS = 0.949, and p RS-FS = 0.031).
As shown in Figure 3 
Discussion
The aim of this study was to determine whether kinematics varied when wearing BS, RS, and FS during running. The hypothesis was that running with RS would have less knee abduction and hip internal rotation kinematics than BS and FS, while running with FS would present less ankle joint inversion than BS. The results confirmed that running with RS showed less joint ROM and hip internal rotation than BS and FS, which supported the hypothesis. In addition, running with FS presented less ankle inversion which supported the hypothesis. Also, greater hip internal rotation was observed under BS conditions. Kinematic analysis revealed some interesting experimental findings. First, as shown in Table 1 , running with RS presented the smallest ankle ROM with significant differences in the transverse plane. Compared with BS and RS, running with FS showed a greater ankle ROM in the sagittal plane and the peak plantarflexion angle of FS was much larger than RS (FS = 16.40°, RS = 9.53°). Previous studies have shown that greater ankle plantarflexion combined with ankle inversion is associated with chronic ankle instability. 32 Anterior cruciate ligament and patellofemoral joint injuries were associated with decreased knee flexion, increased hip internal rotation, and increased knee abduction. 29, 30 In the transverse plane, significant differences existed. Running with RS showed less knee external rotation as shown in Figure 3 (b) and hip internal rotation, as shown in Figure 3(c) . When the three shoes were compared, running with RS was better than the other two shoes with less hip internal rotation and knee abduction. Therefore, in relation to running performance and injury, the first hypothesis stated in this study can be supported.
Several studies have reported the effects of shoe mass during running. Divert highlighted that there was a significant mass effect on oxygen consumption. 33 With 12 subjects in that study, comparison of six running conditions, including different masses of shoes during shod running, was made. 33 Wearing shoes have been observed to alter running mechanics; 4,34 therefore, many researchers have focused on shoe mass. Burkett et al. 35 found shoe mass was the main factor for the higher energy consumption in shod running. Comparing the mass of BS, RS, and FS in the current study, running with BS, which had the greatest mass, would probably require more energy than RS and FS, thus related to running fatigue. From Figure 2 , FS showed the least deformation over the three shoes followed by BS. RS presented the most deformation, which may be associated with special properties (such as cushioning) of RS to compensate for repetitive impact from running. FS and BS presented less deformable sole required for stability purpose to compensate for involved techniques and movements, such as stop-jumping, jump-landing, and directionchanging tasks in the sports. Midsole longitudinal bending stiffness (LBS) is considered to be a key factor in running shoe development and design. Energy absorption at the metatarsal phalangeal joint (MPT) is reduced with increasing LBS during running. 36 Comparing to regular LBS, training in shoes with low LBS resulted in greater increase of lower leg muscle cross-sectional areas and strength capacity. However, runners with low strength capacity might experience fatigue of plantar flexors easily. 37, 38 The current study had limitations that should be considered in future work. This study only focused on kinematics. Without kinetics analysis, making connections to injury assessment and prevention is more difficult. All subjects in this study were male athletes, so the results may not be generalizable to females.
Conclusion
In conclusion, findings from this study indicated that changes were observed in the lower limb joint during running with BS, RS, and FS. Running with RS seems to be better than BS and FS with less hip internal rotation and knee abduction, which may reduce risk of injury. Furthermore, running with BS may require more energy due to the larger shoe mass. These are important considerations when purchasing athletic shoes. The findings suggest that specificity of the sport is an important variable for the prevention of injury and the efficiency of running.
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